polyhedron is not the only significant factor, and that the size of the octahedra and/or their different thermal expansion also play a role. Singlecrystal structure refinements done at 100, 160, 220, 280, 340, 406, 514, 621, 729, 836 and 944 K allowed monitoring the changes in the structure and in the shape of electron density, which occur approaching the transition and during further heating. Mean thermal expansion coefficients for the different polyhedra in the structure were calculated for the high-T C2/m phase, and are compared with those of other amphiboles with 5 Mg atoms per formula unit at the C-sites. The presence of F significantly affects both cation ordering within the A cavity and the thermal expansion along the b and c edges.
(OH) 2 and very low B,C Fe 2þ contents] undergo a reversible second-order displacive P2 1 /m $ C2/m transition. Transition behaviour in cummingtonites has been characterised either as a function of temperature (T; cummingtonite [1] [2] ; manganocummingtonite [3] [4] [5] ), of pressure (P; [6] [7] [8] ), and of composition (X; [9] ). The interpretation of most of these studies is complicated by the fact that the heating process allows Fe 2þ to disorder between the B-and C-group sites [B ¼ M(4); C-group ¼ M(1), M(2) and M(3)]. However, all the studies concluded that the critical parameter ruling the P2 1 /m $ C2/m phase transition in cummingtonites is the aggregate ionic radius at the M(4) site, hr M(4) i, which in turn depends on both bulk composition and cation order. As a rule of thumb, it was suggested that the shorter is hr M(4) i, the higher is the transition temperature, T c .
More recently, further information on phase transitions in amphiboles was obtained from the occurrence of non-standard symmetries in peculiar synthetic amphibole compositions (P2 1 /m in solid-solution terms around A Na B (NaMg) C 3 , [11] ), and on the study of their high-T phase transition to the standard C2/m symmetry ( [12] and [13] for the same samples, respectively). In particular, [12] concluded that the main factor affecting the stability of the P2 1 /m phase in amphiboles is the relative dimensions of the aggregate ionic radii at the B-and C-group sites.
A great advantage of studying the synthetic compositions mentioned above is the absence of Fe 2þ , which prevents non-convergent intra-crystalline ordering processes (between the B-and C-group sites), that in the cummingtonite-grunerite system couple with the displacive transition and the thermal expansion. A further relevant difference is the presence of a fully occupied A-site (note that the A-site occupancy in this amphiboles is inversely related to the presence of Mg excess at M(4) with respect to the NaMg stoichiometry).
In order to improve the model of the P2 1 /m$C2/m phase transition in amphiboles, we examined synthetic amphiboles with a similar cation arrangement but with fluorine at the O(3) site. In fact, the O(3) F 1 O(3) OH À1 substitution changes the size of the strip of octahedra (actually only of the M(1) and M(3) octahedra), and does not affect that of the M(4) polyhedron. In addition, O(3) F increases the thermal stability of the structure, so that higher T values can be attained, and the evolution of the high-T structure can be reliably modelled.
Amphiboles close to A Na B (NaMg)
F 2 with very small amounts of trivalent cations at the M(2) site had been studied by [14] . Admittedly, due to their very small crystal size and the limited X-ray source and sensibility of the conventional detectors available at that time, these amphiboles had been refined in the C2/m space group notwithstanding the sporadic presence of a few very weak reflections with h þ k ¼ 2n þ 1. Analysis of the diffraction behaviour done with a diffractometer equipped with a monocapillary X-ray guide and a CCD detector on a larger crystal from the synthesis FVEC A1 We report in this paper on low-T and high-T crystallographic analysis of this amphibole composition, which allowed modelling the structural changes in both the observed symmetries. The character of the phase transition was investigated by polynomial Landau expansion, and all the results were compared with the data available in the literature.
Experimental methods

Sample
The studied crystal was hand-picked from run-powder FVEC A1, which had been crystallised at 900 C and 5 kbar during an extensive experimental work on amphibole stability [15] [16] [14] . A detailed description of the synthesis is given in [16] , and is not relevant to the purpose of this paper.
X-ray single-crystal diffraction
Data collections in the P2 1 /m stability field were done at T ¼ 100, 160, 220, 280 and 340 K at Dipartimento di Chimica Strutturale e Stereochimica Inorganica (Milan) with a Bruker AXS SMART Apex single-crystal diffractometer equipped with an Oxford Cryosystem Cryostream 600, and working at 50 kV and 30 mA with graphite-monochromatised MoKa X-radiation; the crystal-to-detector distance was 4.72 cm. Three to six batches of images were collected at 0.2 increments of w for 30 sec at fixed values of j (0 , 120 , 240 , and 60 , 180 , 300 ). Three dimensional data were integrated and corrected for Lorentz, polarisation and background effects using the SAINT þ software version 6.45 (1 Bruker AXS).
In situ heating was done at CNR-IGG-PV using a radiative heater specifically built for the Philips PW1100 four-circle diffractometer based on the design of [17] .
The crystal was put in a quartz vial (0.5 mm 1), where it was kept steady by quartz wool, which also avoids mechanical stress. The lattice parameters and the intensities of 12 selected strong reflections (six b-type reflections with h þ k ¼ 2n þ 1, and six a-type reflections with h þ k ¼ 2n) were measured at ca. 10 K steps. Unit-cell parameters were calculated from least-squares refinement of dspacings calculated for 60 rows of the reciprocal lattice by measuring reflections in the range À26 < q < 26
. The unit-cell dimensions obtained at room-T [a ¼ 9.661(1) A, b ¼ 17.913(1) A, c ¼ 5.270(1) A, b ¼ 102.76 (1) ] are very similar to those measured in the q range 2-30 by [14] , i.e., a ¼ 9.655(2) A, b ¼ 17.909(3) A, c ¼ 5.267(1) A, b ¼ 102.73 (1) , confirming that the compositions of the two crystals are almost identical. Data collections and refinements in the C2/m symmetry were done at T ¼ 406, 514, 621, 729, 836 and 944 K to monitor changes in all the structural parameters. Two equivalent monoclinic reflections (hkl and hkl) were measured and corrected for Lorentz and polarisation factors and for absorption before merging. Reflection profiles up to sin q/l ¼ 0.62 A À1 resolution were integrated following the method of [18] as modified by [19] . Intensities were corrected for Lorentzpolarisation and absorption following [20] .
Weighted full-matrix least-squares refinements on F 2 were done with SHELX-97 [21] . The occupancies at the M(1) and M(3) sites were first refined (yielding maximum deviation from complete Mg occupancy < AE1%) and then fixed to Mg ¼ 1 in the final cycles. Scattering curves for fully ionised chemical species were used at the A and M sites; the occupancies of neutral vs. ionised scattering curves were refined at the T and anion sites (cf. [22] and references therein for more detail). Selected crystal data and refinement information for the various data collections are given in Table 1 . Atom positions and displacement parameters are deposited 1 . Selected unit-cell parameters and the aggregate intensity ratio P I b / P I a measured at each heating step are given in Table 3 . The higher number of observations used for unit-cell refinement by the Bruker procedure reduces the associated errors, but does not improve accuracy. Observed and calculated structure factors can be obtained on request from the authors (FC and RO).
Results
Transition temperature, T c
In amphiboles, the square of the displacive order parameter (Q D 2 ) is proportional to the aggregate intensity ratio, and I a those of a-type reflections (see [12] and references therein for detail). Therefore, both the character of the phase transition and the T c value can be obtained following the evolution of P I b / P I a as a function of temperature. A continuous decrease was observed from room-T to $390 K; beyond that temperature, b-type reflections are no longer detectable, and the crystal has C2/m symmetry. Repeated heating and cooling cycles did not show any evidence of hysteresis, a result whose implications are discussed in a subsequent section. The evolution of P I b / P I a with T can be described by a 24 Landau potential, yielding:
Linear fit of Eq. (1) (OH) 2 composition [12] gave T c ¼ 530
Thus the transitions are similar in character, but the fluorine analogue has a definitely lower T c .
When accounting for quantum mechanical effects causing the levelling off or "saturation" of the order parameter at low temperatures, the physically correct form of the potential still has the form of a series expansion but includes an additional parameter, the saturation temperature (Q s ) [24] . The characteristic saturation of properties that depend on coupling to the order parameter occurs at T $ Q s /2. For a second-order phase transition:
A fitting to the data yields a/b ¼ 0.00097 (14) 
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F. Cámara, R. Oberti and N. Casati Fig. 1 . Changes in the aggregate intensity ratio as a function of temperature. The line is the polynomial fit of a 24 Landau potential to experimental data taking into account the quantum-mechanical effects that cause the levelling off of the order parameter at low temperatures. Table 1 .
Selected crystal and refinement data for crystal FVECK A1 n. 3 at different T. 
Lattice parameters and thermal expansion coefficients
In the O(3) OH amphiboles with the same charge arrangement, signal of structure instability were observed beyond 673 K, and prevented a reliable modelling of the high-T C2/m structure [12] . This problem is overcome by the lower T c characteristic of the sample of this work and its increased thermal stability due to the presence of O(3) F. The evolution of the lattice parameters as a function of temperature is reported in Fig. 2(a-d) . The b and c edges of the P2 1 /m structure are smaller than those extrapolated from the C2/m structure, whereas the a edge is larger. As a consequence, the unit-cell volume of the P2 1 /m structure is lower than that of the C2/m structure.
The evolution of the reference lattice parameters can be described using the expression [25] :
where y 0 (namely, a 0 , b 0 , c 0 , b 0 or V 0 ) is the extrapolated non-linear baseline, y c and y 1 are constants and Q s is the saturation temperature. The values of y c and y 1 for the different parameters calculated by fit to lattice parameters of the C2/m structure are reported in Table 4 . Attempts at refining Q s for the independent lattice parameters did not converged, and therefore the Q s was fixed to the value obtained from fitting of intensity data. Similar to the order parameter, lattice parameters variations would become independent from T at T $ Q s /2. Unfortunately, because the calculated value is 206 K and our low-T measurements could each only 100 K, we cannot confirm this point.
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F. Cámara, R. Oberti and N. Casati Table 3 . Continued. 18.000 (7) 18.000 (7) 18.001 (6) 18.013 (6) 18.018(6) 18.010 (8) 18.020 (7) 18.011 (4) 18.022 (8) 18.022 (7) 18.025 (10) 18.028 (8) 18.036 (16) 18.031 (7) 18.034 (7) 18.037 (9) 18.037 (7) 18.038 (9) 18.040 (9) 18.046 (8) 18.053 (7) 18.053 (9) 18.053 (7) 18.054 (8) 18.063 (9) 18.063 (7) 18.065 (6) 18.070 (7) 18.068 (10) 18.072 (8) 5.290(2) 5.290 (2) 5.289 (2) 5.292 (2) 5.290 (2) 5.290 (2) 5.291 (2) 5.291 (2) 5.292 (2) 5.292 (2) 5.293 (2) 5.292 (1) 5.293 (1) 5.294 (2) 5.294 (2) 5.293 (1) 5.294 (2) 5.295 (2) 5.294 (2) 5.295 (2) 5.296 (2) 5.297 (2) 5.297 (2) 5.297 (2) 5.299 (2) 5.297 (2) 5.298 (2) 5.298(2) 5.298 (2) 5.298 (2) 5.298 (2) 5.300 (2) 102.67(3) 102.66 (4) 102.65 (3) 102.66 (2) 102.62 (3) 102.66 (4) 102.63 (6) 102.64 (4) 102.64 (3) 102.63 (3) 102.64 (3) 102.63 (2) 102.61 (2) 102.59 (3) 102.58 (4) 102.61 (2) 102.60 (2) 102.59 (3) 102.60 (3) 102.58 (3) 102.60 (3) 102.61 (3) 102.58 (4) 102.57 (5) The scalar strain has been calculated using the expression:
where e ij are calculated as
and the strain volume is calculated as
By propagating the uncertainties in the cell volume and in the reference cell volume (V 0 ), we can estimate the uncertainties in the volume strain. Both volume strain and scalar strain scale as e ss ¼ À1.02 V s (Fig. 3a) . This feature allows us to estimate s(e ss ) following the approach of [8] .
The values of the strain volume and the scalar strain calculated at 100 K are 1.3(5)% and 1.0(5)%, respectively (Fig. 3b) , and are thus rather low. The propagated uncertainties do not allow a better fit of a Landau expansion of the information derived from the measured intensities. However, if the extrapolated baseline values are correct, at low values of the spontaneous strain such as those calculated above, the total strain (e nsb ¼ e 11 þ e 22 þ e 33 ; where e 11 , e 22 and e 33 are the eigenvalues obtained by diagonalization of the strain tensor) must scale with the strain volume, as shown in Fig. 3c .
From the coefficients reported in Table 4 , the mean thermal expansion coefficients [MTEC, defined as a x ¼ (1/X T 0 )(X T --X T 0 )/(T--T 0 ), where X T0 is the room-T (T 0 ) value, as defined by 26] were calculated and a compared with the HT data available for C Mg amphiboles (Table 5 ). Some systematic differences are observed: (i) the thermal expansion along the a-edge is greater for MTEC values could not be calculated for the P2 1 /m phase because the saturation observed at low T limits the range in which thermal expansion can be considered as linear.
Structural changes as a function of temperature
In order to analyse the effects of fluorine both on the structure and on the phase-transition behaviour, the evolution with T of the structure of the synthetic amphibole A Na B (NaMg) C Mg 5 T Si 8 O 22 O3 F 2 is discussed in this section with reference to that of its OH counterpart [12] .
Both the amphibole compositions undergo a second-order displacive phase-transition without evidence of hysteresis. The factors implying the presence or absence of hysteresis in the analogue P2 1 /c $ C2/c phase transition occurring in pigeonites have been discussed by [27] . In these samples, the presence of a large cation (Ca) at the M(2) site (the analogue of the M(4) site in amphiboles) helps nucleation of one structure from the other during the The P2 1 /m $ C2/m phase transition in amphiboles transition process, and the observed microstructures related to composition (i.e., microtextural and compositional domains) are responsible for continuous behaviour and for the absence of hysteresis. In contrast, cation disorder occurring at high T was found to simulate hysteresis, because the spontaneous strain associated to the intracrystalline cation disorder process provokes small but significant changes in the unit-cell parameters and in the T c of the P2 1 /c $ C2/c phase transition [28] .
In the synthetic amphiboles under discussion, the M(4)-site population consists of nearly equal amounts of a large (Na) and a small (Mg) cation, which are however likely to regularly alternate (Na at M(4) coupling with Na at the A site) to assure local electroneutrality (cf. [12] for a detailed discussion). The presence of microtextures should thus be discarded, as confirmed in the case of the OH-counterpart based on the narrow band-width observed in the IR spectra [10] . Notably, microtextures have not been observed in the (Na,Li,Mg) amphiboles studied by [29] and in cummingtonites [9] .
T-induced cation disorder between the B-and C-group sites is prevented because Na cannot migrate to the Cgroup sites. However, non-convergent Fe--Mg order between the B-and C-groups sites in cummingtonites affects the critical pressure (P c ) of the P2 1 /m $ C2/m phase-transition but does not give rise to hysteresis [28, 8] .
In conclusion, the absence of hysteresis during the displacive phase transitions is a factor distinguishing amphiboles from clinopyroxenes.
The double-chain of tetrahedra
The P2 1 /m amphibole structure is characterised by the different rotation and extension of the two independent double-chains of tetrahedra, which are equivalent in the C2/m structure. The evolution of the structure approaching the phase transition can thus be monitored via the kinking angle (O (5) and 174.5 at 543 and 643 K, respectively. However, the evolution of the kinking angles is similar in the two compositions.
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F. Cámara, R. Oberti and N. Casati Table 5 . Mean thermal expansion coefficients of the C2/m structure ( C
) in tremolite [33] , in synthetic potassic-fluororichterite and fluororichterite [34] , in Na (LiMg) Mg 5 The A-sites
In the C2/m structure, A Na distributes between two sites shifted from the centre of the cavity along the symmetry elements, named A(m) and A(2). Due to local symmetry, each sites repeats itself within the A cavity, yielding a complex shape of the electron density. A sketch of the Asites location in the C2/m structure is given in Fig. 5a . The presence of fluorine favours Na ordering at the A(m) position in amphiboles [31] , and generally increases its off-centring which is no longer limited by the A(m) Na--OH hindrance. In all the available structure refinements of B (NaMg) synthetic amphiboles, however, Na is ordered at the A(m) site, suggesting a constraint due to local chargebalance requirements [10, 12] . The off-centring observed for the sample of this work is 0.54 and 0.57 A, respectively, at 406 and 944 K, to be compared with 0.62 A at 643 K for its OH-counterpart.
In the P2 1 /m structure, A Na occupies a unique general position of the type x, 1 = 4 , z (named A), which is also significantly off-centred (0.26 A for the OH composition studied by [10] ) along the ideal line joining the two farthest O(7)A and O(7)B oxygen atoms (Fig. 5b) . However, in the F counterpart a significant residue was observed in the Fourier difference maps. It was added to the refined model and named Ab (Fig. 5c ). This residue cannot be considered a split site, because Ab falls on the opposite side of the centre of the cavity. The off-centring of the A-and Ab-sites is 0.49 and 0.59 A, respectively, at 280 K, and is fairly constant with T.
Indeed, the shape of the electron density observed in the P2 1 /m structure of the F-amphibole of this work suggests the presence of features anticipating the local order proper of the C2/m symmetry (Fig. 6, upper row, left) . At the P2 1 /m $ C2/m transition, the lowering in symmetry imposes the equivalence of the A-and Ab-sites, which become the A(m) site of the C2/m structure.
This behaviour has not been observed in the OH-counterpart, where there is no evidence of an Ab position (Fig. 6, lower row, left) .
In the C2/m structures of the sample of this work, the two distinct A(m) maxima can be appreciated even at 944 K (i.e., 553 K beyond the phase transition; Fig. 6 , upper row, right), although the increase of dynamic disorder flattens the electron density in between. In contrast, in the OH-counterpart dynamic disorder at high-T simulates a maximum at the centre of the electron density just after the transition and at 643 K, i.e. 113 K beyond the phase transition (Fig. 6, lower row, right) . This latter feature can be explained considering that the increasing thermal motion of the proton protruding into the A cavity makes the dynamic disorder between the two A(m) sites easier.
Structure refinements done at increasing T provide a clear evidence of the change in the local order close to T c .
In both cases, the evolution of the electron density can be used as a structural indicator of the approaching transition.
The M(4) site
The presence of two cations with different ionic radii at the M(4) site implies the presence of an irregularly oblong shape of the electron density (averaged over the crystal); it can be modelled by two different sites (M(4) for Na and M(4) 0 for Mg) which have very different coordination geometries especially in the low-T P2 1 /m structure. The evolution with T of the shape of the electron density at the M(4) site is strictly similar to that observed in the OHcounterpart. At the transition, the change in symmetry implies a change in the coordination from 5-fold to 6-fold for Mg and from 7-fold to 8-fold for Na. In the high-T C2/m structure, the thermal disorder allowed the use of only one site [M(4)]). Contrary to expectation, the M(4)--O(6) bond slightly decreases during heating,
The P2 1 /m $ C2/m phase transition in amphiboles whereas the other M(4)--O bonds regularly increase (Table 2b), thus indicating a progressive shift of the M(4) cation towards the double-chain of tetrahedra.
The C-group sites
Mg is the only C-group cation in the sample of this work. The pattern of octahedral mean bond-lengths is M(2) > M(1) > M(3), as expected from the presence of F at the O(3) site. This pattern is maintained as T increases, and is not affected by the phase transition. At room T, the difference in the aggregate octahedral bond length, hM--Oi, between the F-and OH-counterparts is À0.012 A, in good agreement with the difference in the ionic radius of [3] F À and 
Conclusions
This work has shown that the substitution of the two OH groups with two fluorine atoms at the O(3) site significantly affects the critical temperature of the P2 1 /m $ C2/m phase transition in amphiboles. For the compositions investigated in this work, the decrease in T c is 132 K.
Previous studies done on cummingtonites as a function of T, P and composition concluded that the critical factor affecting the transition temperature is the M(4) site population, better the aggregate ionic radius at the M(4) site, which is however a function of both the bulk composition and of the degree of non-convergent Fe--Mg ordering between the B-and C-group sites.
In particular, non convergent Fe--Mg ordering affects the dimension of the M(2) octahedron, whereas the presence of fluorine at the O(3) site affects those of the M(1) and M(3) octahedra. There is thus evidence of a critical role of the size of the strip of octahedra. In order to quantify these effects, we used all the data available for P2 1 /m OH-amphiboles (Table 6 ), which cover changes in the all group-sites populations, and obtained a rough inverse relationship of the form: hM--Oi/hr M4 .i ¼ 2.382(76) À 0.00065(19) T c (K) (R 2 ¼ 0.85). The F-sample is a clear outlier from this trend, its T c being 162 K lower than expected (398 vs. 560 K).
We therefore propose that the relation between the thermal expansion of the B-and C-groups sites may determine the critical temperature of the displacive P2 1 /m $ C2/m phase transition. Polyhedral expansion does not depend solely on the aggregate ionic radii, but also on the energy of the chemical bonds and thus on the nature of the cations and the anions. The crystal-field stabilisation energy should also play a role in this regard, as 158 F. Cámara, R. Oberti and N. Casati Fig. 6 . The shape of the electron density at the A site at different temperatures in the sample of this work and in its OH-counterpart [12] . Difference-Fourier maps projected onto (201) Table 6 . Aggregate octahedral mean bondlengths (hM--Oi, A), ionic radii at the M(4) site (hr M(4) i, A), and critical temperature (T c , K) values observed for the P2 1 /m $ C2/m phase transition in amphiboles.
noted by [30] in the case of manganoan and ferroan cummingtonites. The results of this work thus confirm the more general statement made by [33] , who first proposed that, at least at the macroscopic scale, the driving force of the P2 1 /m $ C2/m phase transition resides in the differential expansion of the various structure moduli. Unfortunately, no other reliable measurements of the polyhedral thermal expansion are available, and more quantitative conclusions require more experimental work on other amphibole samples with different compositions of the M octahedra.
